KCNQ2/3 (Kv7.2/7.3) channels and voltage-gated sodium channels (VGSCs) are enriched in the axon initial segment (AIS) where they bind to ankyrin-G and coregulate membrane potential in central nervous system neurons. The molecular mechanisms supporting coordinated regulation of KCNQ and VGSCs and the cellular mechanisms governing KCNQ trafficking to the AIS are incompletely understood. Here, we show that fibroblast growth factor 14 (FGF14), previously described as a VGSC regulator, also affects KCNQ function and localization. FGF14 knockdown leads to a reduction of KCNQ2 in the AIS and a reduction in whole-cell KCNQ currents. FGF14 positively regulates KCNQ2/3 channels in a simplified expression system. FGF14 interacts with KCNQ2 at a site distinct from the FGF14-VGSC interaction surface, thus enabling the bridging of Na V 1.6 and KCNQ2. These data implicate FGF14 as an organizer of channel localization in the AIS and provide insight into the coordination of KCNQ and VGSC conductances in the regulation of membrane potential.
KCNQ2/3 (Kv7.2/7.3) channels and voltage-gated sodium channels (VGSCs) are enriched in the axon initial segment (AIS) where they bind to ankyrin-G and coregulate membrane potential in central nervous system neurons. The molecular mechanisms supporting coordinated regulation of KCNQ and VGSCs and the cellular mechanisms governing KCNQ trafficking to the AIS are incompletely understood. Here, we show that fibroblast growth factor 14 (FGF14), previously described as a VGSC regulator, also affects KCNQ function and localization. FGF14 knockdown leads to a reduction of KCNQ2 in the AIS and a reduction in whole-cell KCNQ currents. FGF14 positively regulates KCNQ2/3 channels in a simplified expression system. FGF14 interacts with KCNQ2 at a site distinct from the FGF14-VGSC interaction surface, thus enabling the bridging of Na V 1.6 and KCNQ2. These data implicate FGF14 as an organizer of channel localization in the AIS and provide insight into the coordination of KCNQ and VGSC conductances in the regulation of membrane potential.
FGF14 | KCNQ2 | fibroblast growth factor homologous factors | axon initial segment | ankyrin-G N eurons express a wide diversity of ion channels and yet are able to target different channels specifically to cellular subcompartments such as the axon initial segment (AIS) (1, 2) . Among the channels specifically targeted to the AIS are the voltage-gated sodium channels (VGSCs) and KCNQ2/3 (Kv7.2/ Kv7.3) voltage-gated potassium channels (3) (4) (5) . VGSCs are trapped in the AIS through binding to the scaffolding protein ankyrin-G (ank-G), which anchors transmembrane molecules to the spectrin-actin cytoskeleton (4, 6, 7) . Localization of KCNQ2/3 channels of the K V 7 family to the AIS has been proposed to follow the model of VGSCs, because KCNQ2/3 channels contain the same ank-G binding motifs that trap VGSCs (8) . Moreover, VGSCs and KCNQ2/3 channels both bind to the ankyrin repeats in ank-G, albeit at distinct but overlapping interaction sites (9, 10) . However, other determinants for AIS localization outside of the ankyrin-binding motif have been described, thus pointing to additional modes of regulation (11) (12) (13) .
The tight colocalization of K V 7 channels with VGSCs has been postulated to confer specific coregulatory properties. In the soma, dendrites, and AIS, K V 7 channels attenuate subthreshold depolarization by opposing a VGSC persistent current, whereas in the nodes, K V 7 channels stabilize the membrane potential and protect VGSC channels from inactivation (14) . Although ank-G serves as an AIS anchor for both K V 7 channels and VGSCs, simultaneous binding of both channels to one ank-G molecule has not been demonstrated, and the molecular mechanisms underlying the coordination between Kv7 channels and VGSCs are incompletely understood. We hypothesized that fibroblast growth factor homologous factors (FHFs), a subfamily (FGF11-14) of fibroblast growth factors that function as intracellular modulators of VGSCs (15, 16) are candidate contributing factors. FHFs have been implicated in neurological diseases characterized by altered excitability, as exemplified by spinocerebellar ataxia 27 (SCA27) mutations in FGF14 (17, 18). Because FGF14 interacts directly with VGSCs, FGF14 mutations have been postulated to cause disease through VGSC dysfunction. Nevertheless, the pathologic mechanisms may be broader, as FGF14 also regulates presynaptic voltage-gated Ca 2+ channels (19) . Whether the disease process extends beyond dysregulation of VGSCs and voltage-gated Ca 2+ channels is not known. Here, we focused on the neuronally restricted FGF14 because it is highly localized to the AIS, it binds directly to VGSCs, and protects them from inactivation (16, (20) (21) (22) (23) (24) . We therefore reasoned that FGF14 might coordinate KCNQ2/3 channels and VGSCs in the AIS. We report that FGF14 is critical to the regulation of KCNQ2 channels in hippocampal neurons. FGF14 knockdown leads to a loss of KCNQ2 in the AIS and decreases KCNQ2/3 currents. VGSCs are not required for this regulation because FGF14 also increases KCNQ2/3 current in a heterologous expression system devoid of VGSCs. FGF14 interacts with KCNQ2 using an interface distinct from the well-defined VGSC binding site on FHFs. Thus, FGF14 can "bridge" VGSCs and KCNQ2. These data not only establish FGF14 as a regulator of KCNQ2 channels, but also show that FGF14 may be a broad organizer of AIS ion channels.
Results
Because of the restricted localization of FGF14 to the AIS and our recent data that FGF14 can regulate multiple ion channels, we first tested whether FGF14 also regulated the AIS-enriched KCNQ2 channels. We knocked down FGF14 in neurons by transfection with either a scrambled control shRNA exhibiting no homology to any expressed sequence in the rodent genome (Scr), or a previously validated shRNA specifically targeting rodent FGF14 (14KD) (19, 25) and visualized KCNQ2 in the AIS by immunocytochemistry. Neurons transfected with shRNA (Scr or 14KD) were identified by a GFP reporter and the AIS was identified by immunostaining for ank-G. An observer blinded to the shRNA treatment obtained images and quantified the abundance of KCNQ2 by measuring the integrated pixel intensity within the ank-G + AIS. In neurons transfected with Scr, Significance KCNQ K + channels and voltage-gated sodium channels (VGSCs) are both critical determinants of neuronal excitability and highly localized to the axon initial segment (AIS). Although these two classes of ion channels are functionally and spatially linked, information about their coregulation is lacking. Here we report that the VGSC regulator fibroblast growth factor 14 (FGF14) is a regulator of KCNQ channels. FGF14 knockdown in hippocampal neurons leads to loss of KCNQ localization to the AIS and reduced KCNQ currents. Expressed heterologously, FGF14 is a positive regulator of KCNQ channels, ruling out an indirect VGSC-related effect. FGF14 is capable of binding VGSCs and KCNQ2 simultaneously at distinct interaction interfaces, providing a molecular basis for how these channel classes are coregulated in neurons.
Author contributions: J.L.P. and G.S.P. designed research; J.L.P. performed research; J.L.P. contributed new reagents/analytic tools; J.L.P. and G.S.P. analyzed data; and J.L.P. and G.S.P. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission. the intensity of KCNQ2 immunoreactivity in the AIS was 99 ± 13% (normalized mean ± error propagated SEM) of the signal in untransfected cells on the same coverslip in the same field of view (n = 7 cells in same fields of view), demonstrating that neurons transfected with Scr were indistinguishable from untransfected cells (Fig. 1 A-D) . In marked contrast, KCNQ2 immunoreactivity in 14KD neurons was reduced by 57 ± 12% (P < 0.001) in the AIS (Fig. 1 E-H and M), whereas KCNQ2 immunoreactivity in the AIS of untransfected neurons on the same coverslip was not different from Scr neurons. There was also a modest 29 ± 11% (P = 0.03) decrease in the somatic KCNQ2 signal from 14KD neurons as quantified by integration across equal-area regions of interest ( Fig. 1F ; Scr n = 12, 14KD n = 11). Because these results were obtained with fully permeabilized neurons, this somatic staining likely reflects KCNQ2 channels in the endomembrane system en route to the AIS in these developing cells. The reduction of AIS-localized KCNQ2 in 14KD neurons was not due to disruption of the AIS, because the intensity and pattern of ank-G immunoreactivity was unchanged ( Fig. 1 G and N) . Moreover, the reduction in KCNQ2 appeared to be specific to knockdown of FGF14, because KCNQ2 immunoreactivity was unaffected by knockdown of the homologous FGF13 ( Fig. 1 I-L and M) , which is also abundant in hippocampal neurons and concentrated within the AIS (25) . Together, these data suggested that FGF14 regulates the localization of KCNQ2 protein in hippocampal neurons, especially within the AIS.
To determine whether FGF14 regulation of KCNQ2 has functional consequences, we analyzed whether FGF14 affected KCNQ2/3 currents in a simplified expression system. When we expressed KCNQ2/3 in human embryonic kidney (HEK) cells with FGF14, we observed an approximate doubling of the K + current amplitude at test potentials ≥ −20 mV compared with control cells that were transfected with KCNQ2/3 and empty vector ( Fig. 2 A and B) . The voltage dependence of activation was not significantly changed ( Fig. 2C) , suggesting that FGF14 did not alter channel properties (Fig. S1 ). Rather, using surface biotinylation (Fig. 2D) , we determined that the amount of surface KCNQ2 is increased in the presence of FGF14, suggesting that the observed increase in currents is likely due to a larger number of KCNQ2 channels at the cell membrane. Further, that FGF14 affects KCNQ2/3 channels in a heterologous expression system makes it unlikely that FGF14 requires a neuronal-specific factor to regulate KCNQ2/3 channels in neurons (Fig. 1) .
We therefore tested whether FGF14 knockdown in hippocampal neurons reduced the KCNQ current. To isolate the KCNQ current, we first recorded the basal K + current amplitude after blocking voltage-gated Na + , Ca 2+ , and Kv1 currents with tetrodotoxin (TTX), Cd 2+ , and 4-aminopyridine (4-AP) respectively (basal, Fig. 3A) . We then applied the KCNQ channel blocker, XE-991. Subtracting the remaining current (the XE-991-resistant component) from the basal current gave a XE-991-sensitive current (Fig. 3A, Right) . Analyzing the XE-991-sensitive current showed that the current amplitude obtained after FGF14 knockdown was markedly reduced compared with Scr control (Fig. 3 B and C) , consistent with the reduced KCNQ2 signal by immunocytochemistry observed in the AIS after FGF14 knockdown. The specificity of the effects of FGF14 are highlighted by comparing the consequences of FGF13 knockdown. As shown in Fig. 3 B and C, knockdown of FGF13 did not affect the KCNQ current. This effect was also consistent with the lack of reduction of KCNQ2 signal in 13KD cells demonstrated by immunocytochemistry (Fig. 1) . Focusing on the XE-991-resistant component of the current, it was not significantly affected by 14KD, although it did trend down in comparison with Scr and 13KD (Fig. 3C ). This may indicate that FGF14 can also affect other K + channels, although to a lesser degree than for KCNQ channels. In summary, the electrophysiology data from a heterologous expression system and from hippocampal neurons implicate direct regulation of KCNQ2 channels by FGF14, consistent with the reduced amount of KCNQ2 protein observed by immunocytochemistry in hippocampal neurons after FGF14 knockdown ( Fig. 1) . We therefore queried the consequences of FGF14 knockdown on integrated neuronal output. Consistent with the observed reduction in KCNQ2/3 K + currents, and thus a reduction in voltagegated K + channels open at the resting membrane potential, the input resistance of 14KD neurons was significantly higher than of Scr neurons (Fig. 4A) . Further, the resting membrane potential of 14KD neurons was also more depolarized than for Scr neurons (Scr = −55.0 ± 1.1 mV, 14KD = −51.8 ± 0.8 mV, P < 0.05; Scr n = 12, 14KD n = 15). A loss of repolarization was also suggested by two other observations. First, we observed a larger amplitude rise in interspike voltage during the course of a 500-ms current injection for 14KD neurons than for Scr neurons (Fig. 4 B  and C) . Second, during action potential trains initiated by current injection, we noted an increase in the voltages for threshold of subsequent action potentials in 14KD neurons, even though the threshold voltage for the first action potential was unchanged (Fig.  4D) . Finally, with current injections of increasing amplitude, fewer action potentials were elicited from 14KD neurons than from Scr control neurons (Fig. 4E ), in agreement with previous work on FGF14 loss-of-function models (18, 22) . Thus, FGF14 knockdown in neurons results in changes in passive membrane properties as well as excitability that can be explained by alterations to both potassium and sodium currents.
We reasoned that FGF14 regulation of KCNQ2/3 might be mediated by a previously unrecognized FGF14 interaction with the KCNQ2/3 complex and tested this hypothesis by immunoprecipitating FGF14 from HEK cells transfected with KCNQ2, FGF14, or both. Immunoprecipitation (IP) of FGF14 coprecipitated KCNQ2 only when FGF14 was cotransfected (Fig. 5A) . In contrast, the two most abundant isoforms of FGF13 did not exhibit an interaction with KCNQ2 (Fig. 5B) , consistent with the lack of an effect on KCNQ2 localization and function after FGF13 knockdown (Figs. 1 and 3) . Thus, the regulation of KCNQ2/3 by FGF14 is likely due to a previously unrecognized interaction between FGF14 and KCNQ2.
Having established KCNQ2 as an interacting partner of FGF14, we sought to delineate the FGF14 binding determinants on KCNQ2. First, we tested for direct interaction between FGF14 and a KCNQ2 C-terminal domain (CTD) construct (amino acids 319-658), hypothesizing parallels with VGSCs (26, 27) , the best-characterized FHF binding partners. The FHF interaction site in VGSCs is on the intracellular CTD adjacent to a calmodulin binding site and the KCNQ2 CTD also contains a calmodulin binding site (28) (29) (30) (31) . We therefore tested whether an untagged recombinant FGF14 (amino acids 70-252) copurified with a coexpressed 6xHis-tagged recombinant KCNQ2 C terminus construct and recombinant calmodulin. Whereas calmodulin copurified with the 6xHis-tagged KCNQ2 C terminus on a metal affinity column, FGF14 did not (Fig. 6A, Left) . We also tested another CTD construct (amino acids 626-876) with similar results (Fig. 6A, Right) . This construct did not have the IQ motif for CaM binding and, as expected, did not significantly copurify CaM. Having eliminated the KCNQ2 CTD as a direct FGF14 binding determinant, we performed the converse experiment and tested whether FGF14 bound to a KCNQ2 construct in which the C terminus was deleted (KCNQ2ΔCTD). We expressed both FGF14 and KCNQ2ΔCTD in HEK cells and immunoprecipitated FGF14. Indeed, the KCNQ2ΔCTD still coimmunoprecipitated, indicating that the KCNQ2 CTD is not necessary for interaction with FGF14 (Fig. 6B) . To further analyze a specific KCNQ2 intracellular domain(s) contributing to a possible direct interaction, we coexpressed the KCNQ2 N terminus with FGF14. Immunoprecipitation of FGF14, however, did not coimmunoprecipitate the KCNQ2 N terminus, although the full-length KCNQ2 was immunoprecipitated (Fig. 6C) . Thus, FGF14 binding requires the smaller intracellular loops, interactions among multiple domains, or a mediator protein.
Because sequence analysis of those KCNQ2 intracellular domains did not reveal any clear homology to the identified FHF binding site in VGSC CTDs, we hypothesized that the mode of binding between FGF14 and KCNQ2 differed from how FGF14 and VGSCs interact and, consequently, the binding determinants on FGF14 would be distinct between KCNQ2 and VGSCs. Our structural analyses that had identified the VGSC binding surface on FGF14 (27) had previously shown that direct interaction between FGF14 and VGSCs could be disrupted when an exposed arginine residue in FGF14 (R117 in FGF14B) was mutated to an alanine (21) . We therefore assessed whether immunoprecipitation of an R117A-mutant FGF14 (FGF14 RA ) coprecipitated KCNQ2. As we previously showed, immunoprecipitation of FGF14
RA was incapable of coprecipitating Na V 1.6. In stark contrast, however, immunoprecipitation of FGF14 RA coprecipitated KCNQ2 (Fig. 7) . This finding indicated separate interaction surfaces on FGF14 for binding VGSCs and KCNQ2.
Distinct interaction surfaces for VGSCs and KCNQ2 on FGF14 implied that FGF14 might bind these two ion channels simultaneously, thereby providing a basis for KCNQ2/3 regulation of VGSC currents (14) . To test this hypothesis, we coexpressed KCNQ2 and the VGSC Na V 1.6 in the presence or absence of FGF14 and observed whether Na V 1.6 coimmunoprecipitated with KCNQ2. Indeed, Na V 1.6 coimmunoprecipitated with KCNQ2 only in the presence of FGF14 (Fig. 8) . Together, these data indicated that FGF14 could bridge these two axonal ion channels.
Discussion
This report shows that FHFs regulate voltage-gated K + channels. Although originally described as VGSC modulators, FHFs have increased their regulatory portfolios, recently shown to include voltage-gated Ca 2+ channels and now K + channels. We hypothesize that this FHF-dependent regulation of multiple ion channels is a mechanism for coordinating and integrating various ionic conductances. For example, regulation of KCNQ2 and VGSCs within the AIS-where FGF14, KCNQ2, and VGSCs are concentrated-along with the observation that FGF14 bridges KCNQ2 and VGSCs provide context to recent data showing how KCNQ2/3 channels within the axon coordinate with VGSCs to control membrane potential (14) . In that study, inhibition of KCNQ currents depolarized resting membrane potential because of loss of a counterbalance to the persistent inward current through VGSCs. Here, we observed that FGF14 knockdown and a resulting reduction in KCNQ2/3 currents were also associated with a slight but significant depolarization in resting membrane potential. Such an effect could not solely be predicted by previously reported FGF14-mediated reduction in VGSC currents (25) , which would diminish the contribution of the opposing persistent VGSC current (21) , because that result would lead to hyperpolarization. Thus, the direct effects we observed upon KCNQ currents after FGF14 knockdown suggest significant regulation of KCNQ channels.
Adding support to this concept that FGF14 exerts its effects through concerted regulation of multiple ionic conductances are comparisons with previous studies of KCNQ inhibition in central nervous system neurons. The resulting effects after KCNQ inhibition (14, 32) are distinct from what we observed here after FGF14 knockdown. For example, inhibition of the M current with bath application of XE-991 produced more spikes with a given current injection. With FGF14 knockdown, however, we observed a rise in membrane potential and input resistance consistent with M-current inhibition, but we also observed decreases in spike frequency with current injection (Fig. 4) . Specifically, we hypothesize that these differences result from FGF14 regulation of VGSCs as well as KCNQ2. Decreased excitability after current injection was previously reported for FGF14 loss of function (20, 24) and was attributed to a loss of FGF14 regulation of VGSCs. Here we highlight additional effects of silencing FGF14, namely an increase in the baseline voltage over an action potential train, which indicate additional effects on repolarizing currents.
Neurons deficient in FGF14 are less excitable, previously attributed to loss of function of VGSCs. Our results, using acute FGF14 knockdown that obviates any compensatory changes resultant from an embryonic knockout, offer an additional mechanism in that FGF14 deficiency also leads to a loss of function in KCNQ2/3 currents. In a previous study in cerebellar Purkinje neurons, action potential firing was impaired and the voltage dependence of steady-state VGSC inactivation was hyperpolarized after acute FGF14 knockdown (23) . Hyperpolarizing injections restored repetitive firing, indicating the importance of membrane potential. As we showed here, FGF14 knockdown leads to the loss of repolarizing drive due to decreased KCNQ2/3 K + current amplitude. Thus, the excitability deficits in 14KD neurons (Fig. 4) , in animal models of Fg14 ablation (24, 33) , or in patients with FGF14 mutations associated with SCA27 (17, 18), likely result from the multiple effects of loss of FGF14.
Structural and biochemical characterization of the scaffolding molecule ank-G has shown that the ANK repeat domain contains several target binding sites (9) . In agreement with this finding, Xu and Cooper reported that the modes of Na V and KCNQ2/3 binding to ank-G differ from each other (10) . Thus, our work contributes to a broadening picture of the intricate molecular arrangements that define AIS organization. FGF14 knockdown does not affect ank-G (Fig.  1 ) but ank-G knockdown does abolish AIS localization of FGF14 (25) . FGF14, therefore, is likely to function downstream of ank-G in ensuring proper localization of Na V and KCNQ2/3 at the AIS. The regulatory roles of FGF14 and ank-G are unlikely to be redundant because FGF14 knockdown affects these ion channels even with ank-G present; therefore, it is possible that FGF14 and ank-G are complementary or reinforcing in their regulation of AIS channels.
Our biochemical analyses provide footprints for the interacting sites on FGF14 and on KCNQ2. First, the FGF14 RA mutant on the VGSC interaction surface, which coprecipitated with KCNQ2 but not with Na V 1.6, demonstrates that the interaction determinants on FGF14 for KCNQ2 are different from for VGSCs. Thus, the wellcharacterized VGSC CTD interaction surface on FHFs (22, 27) can be excluded. The demonstration that FGF14 can bind Na V 1.6 and KCNQ2 simultaneously (Fig. 8 ) further points to an alternative interaction surface on FGF14. The globular nature of the FGF-like core domain in FGF14 provides several faces that remain unencumbered by an interaction with a VGSC. Within KCNQ2, we were able to eliminate about half of the protein-and even more of the intracellular domains-by demonstrating that a KCNQ2 channel devoid of its C terminus (KCNQ2ΔCTD) was still able to coprecipitate with FGF14 (Fig. 6B) . Remaining candidate interaction sites within KCNQ2 include the small loops between transmembrane segments S2-S3 or S4-S5. It is also possible that the binding site for FGF14 consists of multiple domains or that there is a nonneuronalspecific mediator protein between FGF14 and KCNQ2.
The decreased current amplitude of neuronal KCNQ channels (Fig. 3) after FGF14 knockdown is likely through a mechanism by which FGF14 regulates KCNQ2/3 surface expression, as indicated by surface biotinylation experiments (Fig. 2) . In addition, Fig. 7 . FGF14 binds to KCNQ2 at an interface distinct from Na V binding. Immunoprecipitation of wild-type FGF14 coimmunoprecipitates both Na V 1.6 and KCNQ2. In contrast, immunoprecipitation of a Na V binding-deficient FGF14
RA mutant does not coimmunoprecipitate Na V 1.6, but still retains the capability to coimmunoprecipitate KCNQ2 (representative experiment from three independent trials). Fig. 8 . FGF14 bridges Na V 1.6 and KCNQ2. Immunoprecipitation of KCNQ2 is only capable of coimmunoprecipitating Na V 1.6 in the presence of FGF14. Omission of any of these three components leads to no signal (representative experiment from three independent trials).
FGF14 may help localize KCNQ2 in the AIS, as we observed a significant reduction of KCNQ2 signal in the AIS after FGF14 knockdown (Fig. 1) . Surface expression and current amplitude are not always correlated (34) but we find that FGF14 affects both parameters similar to what we previously showed for Na V channels (25) . In this context, it would be interesting to explore whether VGSCs and KCNQ2 are coupled in their trafficking and localization at particular stages in neuronal development and whether FGF14 plays a role in such a process. Such a result would be consistent with recent evidence suggesting coregulation of members of the KCNQ and VGSC families (35) .
Materials and Methods
Primary Hippocampal Culture and Transfection. Primary dissociated hippocampal cultures were prepared as described (37) , with minor modifications. After 5 d in vitro (DIV) culture, the neurons were transiently transfected with 0.2 μg plasmid DNA per coverslip using Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions.
Immunocytochemistry and Quantification. Cultured hippocampal cells were fixed with 2% (vol/vol) paraformaldehyde, blocked, and permeabilized with 5% (vol/vol) fish skin gelatin, 0.1% Triton X-100 in PBS. Antibodies used were Thermo rabbit anti-KCNQ2 PA1-929 (1:200) and polyclonal goat anti-ank-G (1:1,000, gift from V. Bennett, Duke University, Durham, NC). Imaging was performed with a Zeiss LSM 780 confocal microscope using an oil immersion 63× objective. Quantification using NIH ImageJ software was performed based on the methods of Grubb and Burrone (38) . In all image analysis, the experimenter was blinded to the identity of the confocal channels.
Western Blotting and Immunoprecipitation. Cells were lysed with 150 mM NaCl, 50 mM Tris, 1% sodium deoxycholate, and 1% Triton X-100. Homogenized proteins were incubated with primary antibodies overnight and immunoprecipitated with Protein A/G beads. Samples were run on Tris-glycine SDS/PAGE gels and transferred to PVDF membranes.
Biotinylation. Transfected cells were biotinylated with 1 mg/mL EZ-Link Sulfo NHS-SS Biotinylation (Pierce) in cold PBS, then pulled down with NeutrAvidin beads (Pierce).
Electrophysiological Recordings. Whole-cell voltage or current clamp recordings were obtained from cultured hippocampal cells or HEK 293T cells using an Axopatch 200B amplifier (Axon Instruments), with a 5-kHz bandwidth filter.
Molecular Biology. The shRNA sequences targeting both FGF14 and FGF13 were cloned into the pLVTHM plasmid (Addgene) and have been described previously (19, 25, 39) .
Immunocytochemistry and Quantification. Cultured hippocampal cells were fixed for 20 min with 2% (vol/vol) paraformaldehyde, washed three times with PBS, then incubated for 30 min in a solution of 5% (vol/vol) fish skin gelatin, 0.1% Triton X-100 in PBS. Cells were incubated at room temperature for 2 h in the primary antibody solution and for 45 min with the secondary antibody solution. Each incubation was followed by three washes in PBS for 10 min each. Antibodies were diluted in 5% (vol/vol) fish skin gelatin, 0.1% Triton X-100 in PBS. Antibodies used were Thermo rabbit anti-KCNQ2 PA1-929 (1:200) and polyclonal goat anti-ank-G (1:1,000, gift from V. Bennett, Duke University, Durham, NC). Imaging was performed with a Zeiss LSM 780 confocal microscope using an oil immersion 63× objective. All images were collected at 1,024 × 1,024 pixel resolution. Quantification using NIH ImageJ software was performed based on the methods of Grubb and Burrone (38) . Axon initial segments were identified as ank-G positive processes with clear axon-like morphology. Line scans down the axon defined the region of interest and the grayscale values for the desired channel (KCNQ2 or ank-G) were extracted. Sliding averages of the grayscale values within a 5-μm window were then normalized to the maximum value of the dataset and then plotted versus distance from the soma. The area under the curve was obtained by integration performed using OriginPro's Baseline and Peaks function. Obtained values were compared between different shRNA treatments. In all image analysis, the experimenter was blinded to the identity of the confocal channels.
Western Blotting and Immunoprecipitation. Human embryonic kidney (HEK) cells in 60-mm dishes were transfected with Lipofectamine 2000 according to the manufacturer's instructions. After 2-3 d, cells were washed twice with cold PBS and then incubated in lysis buffer (150 mM NaCl, 50 mM Tris, 1% sodium deoxycholate, and 1% Triton X-100) for 30 min. Homogenized proteins were incubated with primary antibodies overnight, after which Protein A/G beads were added. The immunoprecipitation reactions were then allowed to incubate with rocking for 2 h. The beads were then washed three times with lysis buffer followed by elution in 2× LDS Sample Buffer (Life Technologies) plus 10 mM dithiothreiotol. The immunoprecipitations and whole cell lysate were run on Tris-glycine SDS/PAGE gels and trans- Biotinylation. Transfected cells in 60 mm dishes were washed twice with cold PBS and incubated with 1 mg/mL EZ-Link Sulfo NHS-SS Biotinylation (Pierce) in cold PBS for 30 min. The reactions were quenched with 10 mM glycine in PBS for 5 min and cells then lysed. Biotinylated proteins were incubated with NeutrAvidin beads (Pierce) overnight, then washed three times with lysis buffer (150 mM NaCl, 50 mM Tris, 0.5% sodium deoxycholate and 1% Triton X-100) followed by elution in 2× LDS Sample Buffer (Life Technologies) plus 10 mM dithiothreiotol. The biotinylated proteins and whole-cell lysate were run on Tris-glycine SDS/ PAGE gels and transferred to PVDF membranes.
Electrophysiological Recordings. Whole-cell voltage-clamp recordings were obtained from cultured hippocampal cells or HEK 293T cells using an Axopatch 200B amplifier (Axon Instruments), with a 5-kHz bandwidth filter. Data were acquired using a DigiData 1322A (Axon Instruments) digitizer and analyzed with pClamp software, version 10. For neuronal recordings, patch pipettes with 3-5 MΩ resistances were filled with internal solution containing (in millimoles): 130 K + gluconate, 10 KCl, 10 Hepes, 10 Na 2 -phosphocreatine, 4 Mg-ATP and 0.3 Na-GTP, pH 7.3 with KOH (290-300 mOsm). To record potassium currents, the bath solution was (in millimoles): 130 NaCl, 5 4-AP, 20 Hepes, 30 glucose, 2 CaCl 2 , and 2 MgCl 2 , pH 7.3 with NaOH (300-310 mOsm). A brief 5-mV depolarizing step was used to monitor series resistance, capacitance, and leak current throughout the experiment. Cells were rejected from analysis if the series resistance changed by >15%. Voltage-gated sodium and calcium channels were inhibited by bath application of 1 μM tetrodotoxin and 0.5 mM CdCl 2 , respectively. Additional blockers used were 5 mM 4-aminopyridine and 20 μM ZD-7288 to block K v 1 and HCN channels. Potassium currents were obtained by 500-ms step depolarizations from a holding potential of −90 mV to steps ranging from −100 mV to +40 mV. KCNQ currents were identified as the currents inhibited by 20 μM XE-991. During application of XE-991, voltage steps ranging from −100 mV to +40 mV were regularly applied to monitor the magnitude of XE-991 inhibition. Recordings of the XE-991-resistant current were only undertaken once no more changes in current amplitude were observed.
The current amplitude was normalized to each cell's capacitance to obtain a measure of current density (pA/pF). Current density-to-voltage relationships were plotted (I-V relationship).
For current clamp recordings patch pipettes were filled with (in millimoles): 130 K-gluconate, 5 KCl, 1 MgCl 2 , 0.5 EGTA, 10 Hepes, 10 phosphocreatine, 4 Mg-ATP, and 0.5 Tris-GTP, pH 7.3 with KOH (290-300 mOsm). The external solution contained (in mM): 135 NaCl, 2 CaCl 2 , 1 MgCl 2 , 5 KCl, 10 glucose, and 5 Hepes, pH 7.3 with NaOH (300-310 mOsm). The calculated 15-mV liquid junction potential was not corrected, and cells were discarded if series resistance was more than 13 MΩ.
HEK cell recordings were conducted similarly to the neuronal voltage-clamp recordings with differences mostly in the solution compositions and voltage steps, for which we followed Liu and Devaux (10) . Internal solution was composed of (in millimoles): 140 KCl, 2 MgCl 2 , 1 CaCl 2 , 10 EGTA, 10 Hepes, 4 Na 2 -ATP, 0.4 Na-GTP (290-300 mOsm). The external solution contained (in millimoles): 154 NaCl, 2 CaCl 2 , 2 KCl and 10 Hepes (300-310 mOsm). Cells were held at −80 mV. Potassium currents were obtained by 1,500-ms steps from −90 mV to +50 mV followed by a step to −30 mV for 250 ms before repolarization to −80 mV. The current amplitude was normalized to each cell's capacitance to obtain a measure of current density (pA/pF). Current densityto-voltage relationships were plotted (I-V relationship).
Molecular Biology. The shRNA sequences targeting both FGF14 and FGF13 were cloned into the pLVTHM plasmid (Addgene) and have been described previously (17, 23, 36) . For FGF13 the primers used were as follows: 5′-CCACGCGTGCACTTACA-CTCTGTTTAATTCAAGAGATTAAACAGAGTGTAAGTGC-TTTTTTATCGATGG-3′ and 5′-CCATCGATAAAAAAGCAC-TTACACTCTGTTTAATCTCTTGAATTAAACAGAGTGTA-AGTGCACGCGTGG-3′. For FGF14 the primers used were as follows: 5′-CGCGTGGAGGCAAACCAGTCAACAAGTGC-ATTCAAGAGATGCACTTGTTGACTGGTTTGCCTCCT-TTTTTAT-3′ and 5′-CGATAAAAAAGGAGGCAAACC-AGTCAACAAGTGCATCTCTTGAATGCACTTGTTGAC-TGGTTTGCCTCCA-3′.
Rat KCNQ2 clone (NCBI Reference Sequence: XP_017446933.1) was obtained from D. McKinnon, Stony Brook University, Stony Brook, NY. Rat KCNQ2 was cloned into pCS2 + for mammalian expression and into pET28 for bacterial purification experiments. The KCNQ2ΔCT truncation construct was created by inserting a stop codon at amino acid 319 using QuikChange mutagenesis, a few amino acids into the C terminus. KCNQ2 constructs HA-tagged at the N terminus were cloned into pCDNA3.1.
Recombinant Protein Expression and Copurification. Rat KCNQ2 C terminus domain (amino acids 319-658 or 626-876) was cloned into pET28 (Novagen). Mouse FGF14B ΔNT (amino acids 70-252) or FHF14B ΔNT R117A were cloned into the MCS2 in pETDuet-1 (Novagen). The plasmids were electroporated into BL-21 (DE3) cells. Protein expression was induced by 1 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG) for 64 h at 16°C. The protein was purified by metal affinity chromatography as previously described (39) with slight changes. Briefly, cells were harvested and protein was extracted by Avestin homogenizer (Emulsiflex-C5) in buffer with 300 mM NaCl, 20 mM Tris·HCl, 5 mM imidazole, pH 7.5 with EDTA-free protease inhibitor mixture (Roche). The lysate was spun down at 38,000 × g for 30 min at 4°C, and the resultant supernatant passed through a preequilibrated cobalt affinity column, which was then washed extensively. The proteins were eluted by 300 mM imidazole in the above lysis buffer, run on an SDS/PAGE gel, and visualized by Coomassie Brilliant Blue staining.
Statistical Analyses. Results are presented as means ± SEM; statistical significance of differences between more than two groups (typically Scr, 13KD, and 14KD) was assessed using oneway analysis of variance (ANOVA) followed by Fisher's least significant difference as a post hoc test. Comparisons between two groups were assessed using Student's t test. The cutoff for statistical significance was set at P < 0.05. 
